Abstract. Precipitation composition measured at Torres del
Introduction
Many important tropospheric compounds are produced by terrestrial and marine organisms. Several of these chemical species (or their reaction products) (e.g., SO4 =, CH3SO3-, NO3-, NH4+, HCOOH, CH3COOH ) have rather short atmospheric lifetimes (e.g., less than 1 week) and are lost from the atmosphere via deposition. For such species, measured concentrations and deposition rates provide important constraints on source strengths associated with the corresponding biological processes. However, the pervasiveness of human influences over most of the globe complicates the assessment of natural linkages between the atmosphere and the biosphere. Of the 234 precipitation samples collected, 198 met quality-assurance criteria. We excluded data for 36 samples from the analyses: Precipitation gauge data were missing for 4 samples; supporting descriptive data (e.g., date collector installed) were missing for 9; insufficient volume was sampled to allow complete chemical analyses of 7; gross contaminants (e.g., by bird feces) were present in 10; the collector malfunctioned for 3; and 3 were apparently contaminated by Na + or Mg + +.
In past analyses of GPCP data, we excluded samples that failed to meet criteria involving ionic balances (e.g., samples with ratios of the sum of anions to sum of cations outside a defined limit were excluded). This procedure was appropriate for samples from remote marine regions because the ionic strength of precipitation is dominated by sea salt; thus an ionic imbalance provides insights into the quality of the analysis of sea-salt constituents. However, in remote regions not immediately adjacent to oceans, such as TdP, the overall ionic composition of precipitation is significantly lower and controlled to a greater degree by nss species 
Results and Discussion
In the following sections we report variability in concentrations and per-event depositions of major chemical constituents in precipitation at TdP and assess the controlling biogeochemical processes. We also compare the TdP data with measured and modeled conditions at other locations within the region and around the globe. Caution is warranted in such comparisons due to regional differences in the frequency, size, and nature of precipitation events; associated water-accumulation rates (i.e., dilution effects); and, for data from snow and ice samples, post-depositional changes in composition. Despite these potential complications, these comparisons do provide useful diagnostic information concerning major biogeochemical interactions in the remote troposphere. a + Precipitation at TdP was slightly acidic and contained both sea-salt (ss) and non-sea-salt components, which averaged 34.0/•eq L -1 and 22.4/•eq L -1, respectively. The in equilibrium with atmospheric CO 2 is 2.5/•eq L -1. The strong seasonality of both organic and mineral acids at TdP suggests that seasonal variability in ecosystem metabolism and productivity led to distinct temporal patterns in emissions of precursor compounds controlling acidity in precipitation. Seasonal variability in oxidative capacity and in other physical processes, such as wind velocity which partially controls sea-air exchange, may also have contributed to the observed patterns. During the austral winter, concentrations of most anions from acids were lower but still measurable suggesting nonbiogenic sources (local or remote), residual local biogenic emissions, or long-distance transport ofbiogenic material from lower (warmer) latitudes. Na + The VWA concentration of Na + was 13.2 /xeq L -1, the annual deposition was 99.0 eq ha -1 yr -1 (Table 1) . Na + concentrations and per-event deposition exhibited a modest seasonal pattern ( Figure 5a ); concentrations were somewhat lower during austral summer and occasional high concentrations and depositions were measured during austral spring when wind speeds are highest .
Sea salt was relatively less important at TdP than at sites closer to the ocean but still more significant than in regions farther inland. For example, the annual VWA Na + concentration at Amsterdam Island, Indian Ocean, is 269/xeq L -1 and annual deposition is 3000 eq ha -1 yr -1 (based on annual VWA concentrations [Moody et al., 1991] and annual precipitation amount [Miller et al., 1993] ), about an order of magnitude greater than at TdP (Table 1 ). In contrast, at Katherine, Australia, a continental GPCP site about 200 km from the ocean, the VWA Na + concentration is 3.3/xeq L-1 [Likens et al., 1987] , a factor of 4 less than at TdP.
Cl'
Annual and monthly VWA concentrations and depositions for C1-exceeded the contributions expected from seawater by 1.6 /xeq L -1 and 12.0 eq ha -1 yr -1 (Table 1 and Figure  5b ), assuming that Na + was an unbiased reference species for sea salt . Although typically referred to as nss CI-, seawater was probably the source of most excess C1-. Poorly understood chemical processes involving sea-salt aerosol in the marine boundary layer (MBL) convert particulate C1-to one or more inorganic C1 gases including HC1, C12, HOC1, and C1NO 2 [e.g., Graedel . The latter three gases are rapidly converted to HC1 following photolysis and H-abstraction reactions with hydrocarbons. Assuming that the reacted aerosol and HC1 were efficiently scavenged by atmospheric droplets, a shorter atmospheric lifetime against dry deposition for the aerosol relative to HC1 would lead to an apparent enrichment in total (ss q-nss) C1-relative to ss-Na + in (1.5 mol ha-yr-and 4.5 mol ha-yr-, respectively) ( Table  1) The wet-deposition rate of NH4+ at TdP was 4.5 eq ha -1 yr -1 (Table 1) Relative to other species (e.g., nss SO4 =, CH3SO3-, HCOOt, CH3COOt), biological processes appeared to be less important sources for NO 3-in TdP precipitation.
The annual wet-deposition rate of NO 3-at TdP was 3.6 eq ha -1 yr -1 (3.6 mol ha -1 yr -1) ( Table 1) 
Precipitation Composition at TdP Versus Other

Regions
Precipitation composition in remote regions provides information about the likely composition of precipitation in the northern hemisphere before the industrial revolution. Consequently, it can be used as a baseline against which precipitation composition in more populated areas can be assessed [Galloway et al., 1982; 1987] . The concentrations of nss SO4 = , NO3-, and NH4+ in precipitation at TdP were within the ranges of those at other high-latitude sites in the southern hemisphere (Table 2) Any comparison of precipitation acidity in different regions is complicated because pH is not conservative; carboxylic acids and, to a minor extent, the bicarbonate system provide finite buffering capacity. Thus the addition of pollutant mineral acids to precipitation does not correspond to a proportionate change in H + concentrations [Keene et al., 1983 ]. In addition, many programs do not adequately preserve precipitation samples against microbial degradation after collection. Thus biologically important constituents (e.g., carboxylic acids and NH4 +) are often metabolized and lost from untreated samples before analysis, which causes systematic changes (typically increases) in the original pH [e.g., Keene and Galloway, 1984 In the next few decades, precipitation composition at TdP will most likely change because of internal and external factors, including population growth, and energy and food production. Increased N deposition has the potential to increase the productivity of N-limited aquatic ecosystems.
